Parthenogenesis, including facultative parthenogenesis, is common among orthopteroid insects. We investigated the ¢tness associated with sexual and asexual reproduction within a population of the facultatively parthenogenetic cockroach Nauphoeta cinerea. There is signi¢cantly reduced ¢tness for females reproducing parthenogenetically compared to sexually. Fewer than half of all females can reproduce parthenogenetically. In addition, tenfold fewer o¡spring are produced by parthenogenesis due to reductions in both the number of o¡spring produced per clutch and the number of clutches produced. Development and brooding of sexually or parthenogenetically produced ¢rst instar nymphs does not di¡er, although the production of the ¢rst parthenogenetic clutch is delayed relative to the ¢rst sexually produced clutch. The ¢tness of parthenogens is also lower than the ¢tness of sexually produced o¡spring. Parthenogens are less viable than sexually produced o¡spring even in the benign conditions of the laboratory. Development to adulthood of parthenogens is slower. Fewer parthenogens survive to adulthood and the adult life span of parthenogens is reduced. Individuals produced by parthenogenetic reproduction are unlikely to reproduce parthenogenetically themselves. Finally, parthenogenetically produced females produce fewer o¡spring by sexual reproduction than do sexually produced females. Since parthenogenetic reproduction is apomictic in N. cinerea and parthenogens are diploid, we suggest that asexual reproduction is developmentally constrained. Once meiosis has evolved, returning to a mitotic mode of reproduction may be di¤cult. Nauphoeta cinerea o¡ers a system for testing how asexuality is constrained as modes of reproduction can be compared within a facultative parthenogen.
INTRODUCTION
Once sex has evolved, it is apparently very di¤cult to abandon (Williams 1975; Maynard Smith 1978 Michod & Levins 1988) . This pattern of persistent sex has been termed an evolutionary paradox or one of the greatest unsolved problems in evolutionary biology (Williams 1992) because, all else being equal, asexual reproduction should o¡er a twofold ¢tness advantage over sexual reproduction. Individuals that reproduce asexually do not have to produce males and so on average produce twice as many o¡spring (Maynard Smith 1978) . Of course, the comparison of ¢tness between sexual and asexual reproduction depends on`all else being equal' (Maynard Smith 1989) , i.e. o¡spring production (number, development and survival) by the two modes of reproduction is similar. Thus, to examine why sex may be maintained in a population, it is worthwhile examining whether the`all else being equal'assumption holds (Jokela et al. 1997) .
There are two obvious potential inequalities between sexual and asexual reproduction that may help to maintain sexual populationsösex may be advantageous or asexual reproduction may be disadvantageous or constrained. Most of the hypothesized advantages to sexual reproduction focus on the need for genetic recombination, segregation, DNA repair or other genetic mechanisms (Michod & Levins 1988; Kirkpatrick & Jenkins 1989; Kondrashov 1993; Howard & Lively 1994; Barton & Charlesworth 1998) . Under these models, sex evolves and is maintained because of the presumed advantages of genetic diversity. Whatever the initial advantage to sex, maintenance of sex may re£ect other factors (Howard & Lively 1994) . Ecological factors are often cited as maintaining sex, e.g. sex is advantageous in variable environments or where parasites are present (Kondrashov 1993; Hurst & Peck 1996; Jokela et al. 1997; Peck et al. 1998) .
Disadvantages of asexual reproduction as well as advantages of sex have also been hypothesized to act to maintain sex. Once sex has evolved, it may be di¤cult to return to parthenogenesis even if advantageous (Williams 1975) . Developmental constraints could prevent the evolution of parthenogenesis from a sexually reproducing species (Lamb & Wiley 1979; Templeton 1982; Kondrashov 1988; West-Eberhard 1989; Lively & Johnson 1994) . Such constraints could arise from di¤culty in switching from meiotic to mitotic reproduction (West-Eberhard 1989) , cytological problems (Kondrashov 1988) , genetic constraints resulting from ploidy di¡erences or mutation accumulation (Kondrashov 1988; Jokela et al. 1997) or a reduction in heterozygosity associated with automictic parthenogenesis (Maynard Smith 1986; Kondrashov 1988) .
Investigations into the advantages or potential disadvantages of sexual versus asexual reproduction have focused on comparisons of separate species, populations or lines (Kondrashov 1993; Hurst & Peck 1996) . Although such comparisons have provided exceptionally informative tests of the various ecological hypotheses concerning the advantages of sexual versus asexual reproduction, studies comparing separate lineages cannot address all of the possible constraints on sexual or asexual reproduction because individuals within a lineage do not switch. Another di¤culty is that if su¤cient time has passed since the original separation of sexual and asexual populations, the two groups that are compared may have di¡erent evolutionary histories.
Studies of species where sexual and asexual reproduction is possible within individuals (i.e. studies of facultative parthenogenesis) should provide the data necessary to investigate the advantage to the individual of sexual reproduction. Facultative parthenogenesis, the production of exclusively female o¡spring under conditions where sexual reproduction is prohibited, o¡ers a unique system for addressing the evolutionary advantage of sex because individual females retain the ability to reproduce either sexually or asexually. We address the ¢tness of individuals and their o¡spring when reproducing sexually versus asexually in a facultatively parthenogenetic species of cockroach, Nauphoeta cinerea. Thelytokous parthenogenesis (the production of exclusively female o¡spring without sex) is common among orthopteroids (White 1978) and well-documented among cockroaches (Roth & Willis 1956) . Although a few cockroaches are exclusively parthenogenetic (Roth & Willis 1956; Roth 1974) , most species retain the ability to reproduce sexually or asexually but preferentially reproduce sexually (Roth & Willis 1956) . Despite the documentation of facultative parthenogenesis in cockroaches, few studies have addressed life history consequences of alternative modes of reproduction within a species (Roth 1974; Lamb & Wiley 1979) .
In this study, we address life history characteristics of females that reproduced parthenogenetically or sexually. We also examine variation in the success of parthenogenetic reproduction among families. Finally, we compare the ¢tness of sexually produced versus asexually produced o¡spring. This study, therefore, provides quantitative data on the relative ¢tness advantages of parthenogenetic reproduction compared to sexual reproduction. Because this is a laboratory study, ecological advantages are not addressed. Rather, these data are used to address the potential constraints on the evolution of asexual reproduction from a sexual ancestor. A number of genetic constraints can be eliminated from consideration because we know that this species reproduces apomictically (i.e. produces genetic clones of the mother) and that the parthenogens are diploid (Corley & Moore 1999) . Thus, we narrowed our search for constraints to developmental problems associated with parthenogenesis.
MATERIAL AND METHODS
All cockroaches were maintained in rearing chambers at 28 8C and ambient humidity (ca. 50%) and a 12 L:12 D photoperiod. The photoperiod in the incubators was reversed from ambient lighting because this is a nocturnally active species. All individuals were maintained in two incubators, with the sexually reproducing and parthenogenetically reproducing individuals mixed together on shelves. All of the adult cockroaches in these incubators were female (i.e. there were no males and no male pheromones present).
Prior to the experiments, females that were to give rise to the adults used in this study were selected from a mass colony as last instar nymphs and placed into single sex groups. On the day of emergence to adulthood, which is unambiguous because this is the only stage with wings, all females were isolated into individual 11cm Â11cm Â 3 cm clear plastic containers and provided with food (laboratory chow) and water ad libitum. Females were maintained in these containers until they produced o¡spring or died. If females produced o¡spring they remained with their young for 14^21 days and were then transferred into a clean container. Nymphs were allowed to develop together in family groups. Females that were mated were only mated once at between 10 and 21 days post-eclosion.
(a) Measurement of ¢tness of parents N. cinerea are ovoviviparous and parturition occurs such that all o¡spring are born nearly simultaneously. Birth or the production of a clutch of o¡spring was de¢ned as the appearance of at least one ¢rst-instar nymph that survived for at least 24 h. Containers of both mated and unmated females were checked daily, seven days a week, typically between 08.00 and 12.00 (the start of the scotophase). Females were checked daily and life spans were recorded. The appearance of all clutches or aborted egg masses was recorded on the day they were ¢rst observed. When a clutch was born, the number of nymphs was counted within 48 h.
(b) Measurement of ¢tness of o¡spring
The fecundity of parthenogenetic o¡spring versus sexual o¡spring was measured in two separate experiments. First, individuals from our original parthenogenetic lines were allowed to mature to adulthood. These females were maintained individually and never exposed to males. Thus, we examined whether these parthenogens would themselves reproduce parthenogenetically. In a separate experiment, female nymphs were isolated and reproduced parthenogenetically. These parthenogenetic o¡spring matured to adulthood and then were mated to adult males at 12 days post-adult eclosion. Sexual reproduction of these individuals was compared to females that had been born to mated mothers, allowed to mature to adulthood, then mated at the same time as the parthenogens.
The viability of sexual and asexual o¡spring was determined by recording both the date of parturition and the date of death for every nymph.
(c) Statistical analyses
All statistical analyses were performed using SYSTAT 7.0. Data were transformed to meet assumptions of normality where necessary. Summary data are presented as means AE1s.d., unless otherwise noted.
RESULTS

(a) Fitness of sexually and asexually reproducing females
Out of the 101 females that were isolated and maintained as virgins, 44 (44%) gave birth to at least one clutch of parthenogenetic o¡spring. Among sexually reproducing females, all (100%) reproduced and all produced multiple clutches, while 47.7% (21 out of 44) of the parthenogenetically reproducing females produced multiple clutches (table 1). Asexually reproducing females produced an average of 2.0 ( AE1.5) parthenogenetic clutches with an overall average of 3.2 ( AE2.4) parthenogenetic o¡spring per clutch. In contrast, females that had mated (n 52) produced an average of 5.0 clutches ( AE1.1) with an overall average clutch size of 23.6 o¡spring ( AE4.2). Mated females produce signi¢cantly more clutches (t 94 12.599 and p 5 0.001) and more o¡spring per clutch (t 94 29.738 and p 5 0.001) overall. However, the number of clutches produced by each female and the number of o¡spring per clutch varied among both sexually reproducing and parthenogenetically reproducing females (table 1) . In both cases, later clutches tended to be smaller, with fewer females producing clutches. All parthenogenetic o¡spring were female. The sex ratio (male:female) of o¡spring surviving to adulthood from mated females was 1.0:0.93.
The number of clutches produced by females was signi¢cantly di¡erent between sexually reproducing and asexually reproducing females. This is because females that were not mated produced at least two ootheca that were aborted rather than internally incubated prior to the birth of parthenogenetic o¡spring. These unfertilized egg masses were aborted at a regular interval (ca. 40 days between clutches) and never developed. Females that never produced o¡spring continued to abort eggs throughout their life span. Once females produced o¡spring, however, they were unlikely to abort additional eggs. Mated females occasionally (ca. 4%; A. J. Moore, unpublished data) abort the ¢rst clutch, but always eventually produced o¡spring.
Including the clutches of eggs that were aborted by virgin females, both virgin and mated females produced clutches of eggs on a regular schedule (table 2). The ¢rst clutch of parthenogenetic o¡spring were produced nearly three times later than sexually produced o¡spring (t 86 13.557 and p 5 0.001 assuming unequal variances). This delay re£ected the abortion of the ¢rst two or more egg clutches by unmated females. Subsequent parthenogenetic clutches were brooded and developed similarly to sexually produced o¡spring (interval 1^2, t 71 1.853 and 0.1 4p 4 0.05 and interval 2^3, t 59 1.622 and p 4 0.1).
The females' mode of reproduction in£uenced their adult life expectancy (¢gure 1). The life span of females that mated and reproduced (269.7 AE40.7 days, n 52) was signi¢cantly shorter than the life span of females that did not mate or reproduce (295.5 AE 54.7 days, n 57) (F 2,147 6.309 and p 5 0.002). Females that reproduced asexually lived slightly longer (312.5 AE 80.3 days, n 41) than those females that never reproduced, although this a Length of brooding measured in days and de¢ned as the period from the birth of previous clutch to birth of present clutch. b Brood 1 de¢ned as time from adult emergence to birth of ¢rst clutch. Because parthenogenetic females expel a number (two to three) of unfertilized egg masses before switching reproductive modes, the period of brooding is undoubtedly overestimated for parthenogenetic females. Sexually reproducing females were mated at between 10 and 21 days post-adult emergence and so the period of brooding for the ¢rst clutch for these females is also overestimated, although by a lesser amount.
(b) Fitness of sexually and asexually produced o¡spring
In addition to reduced fecundity of parthenogenetically reproducing females, the viability of parthenogenetic o¡spring was less than that of sexually produced o¡spring (G adj 336.266, d.f. 1 and p 5 0.001). Out of the 299 parthenogenetically produced o¡spring, only 109 (36.5%) survived to adulthood. In contrast, 785 out of 864 (90.9%) of the sexually produced o¡spring survived to adulthood (¢gure 2a). Out of the 109 surviving parthenogens, only 19 out of the original 44 families were represented. Thus, only 43% of the females that reproduced parthenogenetically or 19% of all females isolated from males had o¡spring survive to sexual maturity. All 52 of the sexually reproducing females had both males and females survive to sexual maturity, a clear signi¢cant di¡erence.
Development from ¢rst-instar nymph to adulthood di¡ered for sexually produced and parthenogenetically produced females (¢gure 2b). Sexually produced females matured in an average of 107.9 days ( AE 9.5, n 164) while parthenogenetically produced females matured in an average of 116.2 days ( AE24.0, n 47). This was a signi¢-cantly longer development period for parthenogenetically produced females (F 1,209 6.843 and p 5 0.001 on logtransformed data).
The adult longevity of parthenogenetically produced individuals was both more variable (F max 1.73, d.f. 92 and p 5 0.05) and shorter (t 149 7.657 and p 5 0.001 assuming unequal variances) than their sexually produced counterparts (¢gure 1). Parthenogens only lived an average of 215.9 AE 71.9 days (n 93) despite never having reproduced.
Parthenogenetically produced females were also less fecund than their sexually produced mothers. Only ¢ve out of 109 females that were produced parthenogenetically and lived to adulthood produced second-generation parthenogenetic o¡spring. Eighteen second-generation parthenogens were produced. One female had two clutches and none had more than two. All of these second-generation parthenogens were from females that had the same sexually produced mother; thus, only one family line produced second-generation parthenogenetic o¡spring. No third-generation parthenogens were produced.
Mode of development in£uenced the fecundity of females mated to males (¢gure 2c). Although we examined only the ¢rst clutch, mated parthenogenetically produced females (i.e. parthenogens producing sexually derived o¡spring) had an average of 23.7 o¡spring ( AE 6.5, n 20), whereas sexually produced o¡spring had an average of 27.4 o¡spring ( AE5.1, n 20). This is signi¢-cantly di¡erent (F 1,38 3.980 and p 0.05), although it is strongly in£uenced by two females who had clutch sizes of eight and 14. Eliminating these two outliers gives an average of 25.1 o¡spring ( AE5.1) for asexually produced female sexual reproduction. In contrast, the length of brooding was not a¡ected. The o¡spring of parthenogenetically produced females were internally brooded for an average of 44.7 days ( AE2.1, n 19) , while the o¡spring of sexually produced females were brooded for an average of 43.8 days ( AE2.2, n 20) before parturition (F 1,37 2.001 and p 0.166).
DISCUSSION
Parthenogenetic reproduction in N. cinerea is limited, perhaps because the ¢tness of individuals reproducing parthenogenetically is much less than individuals reproducing sexually. Even in the most benign conditions of the laboratory, in our population fewer than half of all females were able to produce parthenogenetic o¡spring. This result is in good agreement with the previous documentation of parthenogenetic reproduction in this species (Roth & Willis 1956 ). Sexually reproducing females produced more clutches and had over nine times as many o¡spring per clutch. Overall lifetime fecundity of sexually reproducing females was therefore considerably higher. Even eliminating males, assuming a sex ratio found for adults given above, sexually reproducing females had nearly ten times as many o¡spring in a lifetime as did parthenogenetically reproducing females.
The ¢tness of parthenogenetically produced o¡spring was likewise lower than the ¢tness of sexually produced o¡spring. Parthenogens were less viable. Ultimately, we found that only 19% of females had parthenogenetic o¡spring that survived to sexual maturity. One-hundred per cent of the sexually reproducing females had at least one daughter survive to sexual maturity. Again, given the benign conditions of the laboratory, we suspect that this is an upper estimate of potential survivorship of parthenogens. Development of parthenogens was slower and longevity of adults was reduced. Even when successful, parthenogenetic reproduction does not persist. Only ¢ve parthenogenetic females, all from the same sexually produced mother, were able to also reproduce parthenogenetically. Although this indicates the potential for genetic variation in parthenogenetic reproductive ability, as is found in Drosophila mercotorum (Carson 1967) , the potential ¢tness bene¢t and evolution of parthenogenesis is limited in N. cinerea.
Given our results, we suggest that parthenogenetic reproduction is highly constrained in N. cinerea. This is unlikely to be due to genetic constraints: parthenogenetic o¡spring within a population are at least as heterozygous as individuals produced sexually. Furthermore, parthenogenetic reproduction is apomictic in N. cinerea so o¡spring produced by this mode are genetically identical to their mothers (Corley & Moore 1999) . Despite the clonal nature of mother and parthenogenetic daughters, o¡spring still develop more slowly than their mothers.
Finally, although some cockroaches that reproduce parthenogenetically are polyploid (Roth 1967) , N. cinerea parthenogens are diploid (Corley & Moore 1999) . Thus, parthenogenetic reproduction is not constrained by problems associated with ploidy levels, which is a constraint in other systems (Jokela et al. 1997) . Instead, we suggest that developmental constraints limit asexual reproduction in N. cinerea.
Two other alternatives may also explain these results, but they appear to be less parsimonious. First, it could be that cytoplasmically inherited bacteria, such as Wolbachia, cause the reduced ¢tness of parthenogens. This seems unlikely, as it would require a new mode of action for Wolbachia (Werren 1997; Bourtzis & O'Neill 1998) . Parthenogenesis caused by Wolbachia results in complete homozygosity (Werren 1997) and N. cinerea parthenotes are heterozygous (Corley & Moore 1999) . Furthermore, where Wolbachia does result in parthenogenesis, it is not facultative in the sense that we are using it here (i.e. dependent on mating). We do not see female-biased sex ratios (above) and females apparently never reproduce parthenogenetically unless prevented from sexual reproduction. Therefore, if Wolbachia exist in N. cinerea, it is not inducing parthenogenesis or biased sex ratios. Wolbachia could cause reduced ¢tness, but it is unclear why the e¡ects would be speci¢c to parthenogens. Such speci¢city, without being associated with other e¡ects, is unknown for Wolbachia.
A second alternative is that male contributions, perhaps in the sperm or social environment, in£uence o¡spring production and survival. Again, we have only indirect evidence that this is not the main factor explaining our results. Previous work on this species has shown that variation in female fecundity is not associated with known di¡erences among males (Moore & Moore 1988) . O¡spring development, but not survival, does seem to re£ect male contributions to the o¡spring, but this e¡ect has been attributed to genetic di¡erences among males (Moore 1994) . Still, paternal e¡ects have not been eliminated. Nonetheless, even if paternal e¡ects exist, they are not inconsistent with developmental constraints. Paternal e¡ects only provide an alternative mechanistic explanation for the cause of the developmental constraint. Additional research is under way to address this question directly.
Our data suggest to us that a developmental constraint to switching between sexual and asexual reproduction is the most parsimonious explanation. Parthenogenesis and facultative parthenogenesis in particular is widespread among orthopteroids and cockroaches (Roth & Willis 1956; White 1978 ). Yet few species are particularly fecund when reproducing parthenogenetically (Roth & Willis 1956 , 1961 Roth 1974; Lamb & Wiley 1979) . Others have suggested developmental constraints may be important (Lamb & Wiley 1979; Templeton 1982; West-Eberhard 1989; Lively & Johnson 1994) but there have been few empirical tests (Jokela et al. 1997 ). Yet, as shown in this study and others (Roth & Willis 1956 , 1961 Roth 1974; Lamb & Wiley 1979) , parthenogenetic o¡spring often take longer to develop. Given no di¡erences in ploidy or genetic make-up, at least for N. cinerea, developmental constraints appear a good candidate hypothesis for one of the means for the maintenance of sex.
Developmental constraints and the maintenance of sex L. S. Corley and A. J. Moore 475 Unlike most previous empirical studies (Hurst & Peck 1996; Jokela et al. 1997; Peck et al. 1998 ) our research does not address the advantages of sex or the ecological correlates associated with the maintenance of sex. This does not imply that these are unimportantöon the contrary, ecological factors may be very important in the spread of parthenogenetic populations of other cockroaches (Gade & Parker 1997) . Ecology clearly plays a role in the maintenance of sex for a number of other species as well (Vrijenhoek 1993; Lively & Johnson 1994) . We suggest that examining potential costs of asexual reproduction may be as informative as studies of potential bene¢ts of sexual reproduction.
Why is facultative parthenogenesis not an evolutionary strategy for obtaining the best of both worlds? Our data suggest that maintaining two modes of reproduction and using them as separate strategies may not be evolutionarily feasible. The ¢tness gained by asexual reproduction, although not zero, is so much less than that gained by sexual reproduction, extreme conditions would be necessary to provide an advantage to parthenogenesis. Even though females that reproduce asexually live longer, there is little gained in terms of lifetime ¢tness. This, of course, begs the question of why facultative parthenogenesis has been maintained and is widespread. We can only suggest that either there is little cost in keeping the machinery necessary for asexual reproduction or that such extreme ecological conditions (e.g. colonization; Gade & Parker 1997) are encountered.
Finally, the extraordinary di¡erence in fecundity of sexual and asexual reproduction, which appears to be general among facultatively parthenogenetic species, (Lamb & Wiley 1979) , suggests an intriguing possibility for the mechanism of the constraint. Switching from a meiotic form of reproduction to a mitotic form may be di¤cult for animals (West-Eberhard 1989) . We suggest that an examination of how facultative parthenogens shift between these extremes may shed some light on this phenomenon. The evolution of the machinery providing the ability to produce gametes meiotically may be a signi¢cant factor in the evolutionary maintenance of sex.
